A wide band resistive sensor, the performance of which is based on electron heating effect in semiconductors, has been implemented in a double ridge waveguide WRD250 in a frequency range of 2.6-7.8 GHz. The dependences of the output signal on microwave pulse power and frequency response of the sensor were measured. The measured results of frequency response have been compared with the calculated ones obtained using a finite-difference time-domain method, and a reasonable agreement between them was found.
Introduction
The growth of applications where high power microwave (HPM) pulses are used stimulates interest in sensors capable to measure them. One of the perspective devices is a resistive sensor (RS) [1] , the performance of which is based on a hot electron phenomenon in semiconductors. The RS demonstrates some advantages when it is used for HPM pulse measurement. It measures HPM pulses directly, produces a high output signal, and exhibits an excellent longterm stability [1] . Since the RS is devoted to HPM pulse measurement the waveguide layout is usually used for its implementation. A sensing element (SE) of the sensor -the bulk resistor made from n type Si with two contacts on the ends -is mounted in a waveguide. The electric field of the microwave pulse heats electrons in the SE, its resistance increases, and by measuring this resistance change the microwave pulse power in the waveguide is determined [1] . Although the characteristics of a waveguide type RS were improved significantly devoting special attention to its frequency response [2, 3] , the main disadvantage of the RS is a narrow frequency range limited by the pass-band of the rectangular waveguide.
In this paper, we used a double ridged waveguide shown in Fig. 1 to implement the SE of the resistive sensor. In comparison with a standard rectangular waveguide the double ridge waveguide more than twice widens the frequency range where the sensor can be used. The output characteristic of the sensor has been measured and compared with the calculated one using a finite-difference time-domain (FDTD) method [4] . 
Sensor's layout
A cross-sectional view of the double ridged waveguide is shown in Fig. 1 . Comparing it with a rectangular waveguide, it is seen that additional metal ridges are inserted. The region of the waveguide between metal ridges is usually named a gap region whereas side regions are named troughs. The parameters of the double ridged waveguide WRD250 are collected in Table. In the Table I , dimensions of the waveguide, lowest and highest passing frequencies, cutoff frequency, and the maximum pulse power are presented. It is seen that the ratio f max / f min = 3 is characteristic of the double ridged waveguide, whereas for the rectangular waveguide this ratio is roughly 1.5. Thus, by mounting the SE in a double ridged waveguide the RS operating frequency range can be significantly widened. Due to a smaller distance between metal surfaces in the gap region, the smaller maximum pulse power can be transmitted through it but according to the last column of the Table it is still significant.
The SE is inserted between metal ridges covering the entire gap region. Its height h corresponds to d, the width of it is denoted as w, and l stands for its length in a wave propagation direction. In our previous paper [4] we have considered such a sensor, and the average electric field strength in it has been calculated using the FDTD method. The following requirements have been formulated for the n-Si sample that can serve as the SE: the SE should not cause considerable reflections in the waveguide, hence the value of a voltage standing wave ratio (VSWR) has been set at < 1.5; the DC resistance of the RS should not exceed 1 kΩ enabling the measurement of microsecond duration microwave pulses; the frequency response of the RS in the waveguide's frequency band should be as flat as possible. It was found that the optimal sensor [4] should be made from 10 Ωcm specific resistance material with cross-sectional dimensions w × l = 1 × 1 mm 2 . Its calculated sensitivity variation within the waveguide's frequency range was ±10.4%, VSWR < 1.36, and DC resistance was 400 Ω. The sensing elements with such parameters have been manufactured and mounted in the double ridged waveguide. Three pieces of the RS have been tested experimentally.
Sensitivity and measurement set-up
Under the influence of a strong electric field, the resistance of the SE increases. In a so-called warm electron region [1] , a relative resistance change ΔR/R linearly depends on pulse power P propagating in a waveguide. Therefore, the sensitivity of the RS can be expressed in the following way [4] : (1) where U S is an output signal from the sensor measured in a linear region, and U 0 is a DC voltage fall on the SE. When writing the right side of (1), it was assumed that the output signal from the sensor is measured with a high input resistance device.
The measurements of the dependence of the RS output signal on pulse power propagating in the waveguide have been performed using magnetron generators in S (2.75 GHz) and C (5.7 GHz) frequency bands. The set-up of measurements is shown in Fig. 2 . Actually two set-ups with different cross-sectional sizes of the rectangular waveguide windows were used in the experiments. Waveguide WR284 (a × b = 73 × 34 mm 2 ) was employed in the case of the S band, and waveguide WR187 (a × b = 48 × 22 mm 2 ) was employed for experiments in the C band. The RS was connected directly to the magnetron generator via transition from the rectangular to the double ridged waveguide T. Pulse duration was 4 µs and repetition rate was 25 Hz. The reference RS in a rectangular waveguide was connected to the main port via a directional coupler. It controls pulse power in the main waveguide. By changing pulse power in the main port with the help of a precise attenuator A, the dependence of the output signal on the pulse power was measured using the oscilloscope TDS520A. The RS was fed by a current source keeping 10 V voltage drop on the SE. The measurements have been performed with and without an additional amplifier, the amplification of which was K = 10. It is well known [1] that in a wide range of the microwave pulse power, the dependence of ΔR/R on P can be approximated by the second order polynomial in the following way: (2) where the coefficients A and B are determined by fitting the experimentally measured dependence of DR/R on P with (2). In the linear region, DR/R << 1 and the influence of the second term in (2) is negligible. Therefore, by comparing (2) with (1) one can see that ζ = A -1 . To measure the frequency response of the RS, a low power tunable microwave source producing roughly 200 mW average power was used. The meander modulated microwave signal was employed allowing to significantly increase measurement sensitivity [5] . As in a previous case, two set-ups with a different cross-sectional size of the waveguide window were used with the RS connected via transitions from the rectangular to the double ridged waveguide. The measurement set-up, in general, was similar to that shown in Fig. 2 . Instead of the magnetron generator the tunable microwave source was connected to the rectangular waveguide with the help of a coaxial to rectangular waveguide adaptor. The microwave power supplied to the RS was measured using an average power sensor from Rhode & Schwarz and the output signal from the RS was measured using a lock-in amplifier. The modulation frequency of a microwave signal has been chosen high enough (10 kHz) to avoid additional resistance modulation due to lattice heating. On the SE, a 10 V voltage drop was applied. In this case the sensitivity of the RS can be related with an output signal U m measured with a lock-in amplifier in the following way [5] : (3) Thus by measuring the output signal and power transmitted to the RS, the dependence of sensitivity on frequency was determined.
Measurement results and discussion
The measurement results using magnetron generators for one of the tested sensors are shown in Fig. 3 . In the figure, the dependences of the relative resistance change on pulse power in the waveguide are presented. The measurements have been performed with (K = 10) and without (K = 1) an additional amplifier. The solid lines in Fig. 3 show a two-term approximation (2) , from which the values of the parameters A and B were determined. It is seen that the used approximation fits well the measured results. The RS at a lower frequency is more sensitive than at a higher one. In a high power domain, the output characteristic of the RS was measured up to the twofold increase of its resistance. It is seen that the RS in a double ridged waveguide is able to measure pulse power from a few Watts up to a few tens of kW. It should be pointed out that the measured characteristics of other manufactured RSs are sufficiently closer to each other in a low power limit demonstrating a larger difference at a high power level. The measured value of the VSRW was less than 1.4 within the sensor's frequency range. The results of the measured frequency response of the RS together with calculation results [4] are shown in Fig. 4 . Three different samples of the RS have been measured using the above-described meander modulated microwave signal and lock-in amplifier technique. The sensitivity values calculated according to (3) were averaged and are shown in Fig. 4 together with error bars. It is seen that a small error is characteristic of the measured results supporting the fact mentioned earlier that the SEs with reproducible characteristics in a low power limit were manufactured. As follows from Fig. 4 the sensitivity determined from experiments with magnetron generators (triangles) fits well the results obtained using the meander modulated technique. By comparing the measured results with those calculated using the FDTD method one can see that a reasonable agreement between them was obtained. In comparison with the theoretical prediction, the measured results demonstrate a larger variation of sensitivity that is roughly ±24%. It should be pointed out that obtained discrepancy can be caused by the crudeness of the model used in FDTD calculation [4] : (i) fields in the double ridged waveguide were approximated by a single mode in a gap region and by infinite series of modes in troughs regions [6] ; therefore, fields, in general, fail at the boundary between the two regions; (ii) in the calculations the dimensions of the waveguide were rounded up to the integer numbers of mm; (iii) a sharp edge of the metal ridge was modelled in calculations, whereas it is rounded in the waveguide used for the SE mounting. Although the measured variation of the sensitivity of the RSs in the double ridged waveguide is larger than expected, their good reproducibility and increased frequency range are promising features for the application of the proposed sensors in HPM experiments.
Conclusions
The sensor permitting measurements of microwave pulses in the double ridged waveguide was implemented; its output characteristic and the dependence of its sensitivity on frequency were measured. A reasonable agreement between measured and calculated results of sensitivity was observed. The obtained variation of sensitivity of ±24% of the RS appears to be good enough having in mind a wide frequency range of the sensor. It seems that the developed sensor could find its application in working together with a wide band horn antenna for the measurement of the microwave electric field strength in free space. Fig. 3 . Dependence of the relative resistance change on microwave pulse power for different frequencies Points show experimental results for two frequencies, solid lines correspond to the approximation (2). Fig. 4 . Dependence of the sensitivity of the RS on frequency. Points show experimental results with a low power microwave source, triangles correspond to the sensitivity determined from experiments using magnetron generators, and a solid line demonstrates calculation results using the FDTD method [4] .
